Introduction
Natural killer (NK) cells contribute to the first line of defense against cancer and virus infection as critical components of the innate immune system. This special population (not restricted to a few clones as happened in T or B cells) of lymphocytes as a whole immediately exhibits responsiveness to challenge by a variety of activating signals without prior sensitization. NK cell activation is determined by the balance of signals delivered by activating receptors and inhibitory receptors (1,2). There are many receptors expressed on NK cells that mediate the delivery of these signals. They can be classified by their structure as killer cell immunoglobulin-like receptors (KIRs) and killer cell lectin-like receptors (KLRs) or by their functions as NK cell-activating receptors and NK cell-inhibitory receptors (3) (4) (5) . Many studies have focused on the structures and functions of these receptors, among which KIRs are currently the best understood and have been shown to predominantly engage with human leukocyte antigen (HLA)-C. KIRs exhibit both a long form, with an immunoreceptor tyrosine-based inhibition motif (ITIM) in the cytoplasmic portion, and a short form, which delivers activating signals by recruiting DAP12 (6,7). Natural killer cell group (NKG) 2 receptors also recognize HLA-I as their ligand. NKG2D is an activating receptor that interacts with major histocompatibility complex (MHC) class I polypeptide-related sequence (MIC) A, MICB and UL16-binding proteins 1-6 (ULPB1-6) (8) . NKG2A is an inhibitory receptor that recognizes HLA-E in competitionNKp30) are a group of activating receptors. NKp44 is only expressed on activated NK cells (10) . DNAX accessory molecule-1 (DNAM-1) and T cell immunoreceptor with Ig and ITIM domains (TIGIT) are another set of paired receptors that deliver activating signals or inhibitory signals by engaging with the same ligands [polio virus receptor (PVR) or Nectin-C, respectively] (11). FcγRIIIa [also known as cluster of differentiation (CD)16a] is unique among these receptors due to its capacity to bind to the Fc fragment of IgG antibodies, allowing NK cells to mediate antibody-dependent cell-mediated cytotoxicity (ADCC) (12) .
Powerful cytotoxicity is another feature of NK cells. Activated NK cells kill targets via multiple approaches, including direct lysis by perforin and granzyme, induction of apoptosis by FasL/Fas or tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)/TRAIL receptors, and the release of cytokines such as interferon (IFN)-γ and TNF-α to activate systemic antitumor immunity indirectly (13) (14) (15) (16) .
NK cells can also eliminate tumors in indirect manners as "helpers" to promote dendritic cell (DC)-T cell interactions. NK cells activated by two signals (NKG2D and additional inflammatory cytokines such as IFN-α) acquired the helper activity to induce the stable type-1 polarization of DCs (DC1) though the production of IFN-γ and TNF-α. The DC1 induced by such helper NK cells enhance the production of interleukin (IL)-12p70 and intranodal production of C-C motif ligand (CCL) 19, which is essential for anticancer immunity (17, 18) . It has also been proved that the depletion of NK cells in vivo neutralized the benefit of DC immunotherapy of tumor (19) . The cross-talk between NK cells and DCs illustrates the bridging role of NK cells between innate immunity and adaptive immunity (20) .
The discovery of memory-like NK cells further extended our understanding of these cells (21) . Tissue-specific NK cells show distinct features, indicating that NK cells are a heterogeneous group (22) (23) (24) . Recently, NK cells were identified as a subpopulation of innate lymphoid cells, and the role of NK cells within the innate immune system has become increasingly well defined (25) .
NK cells are believed to be a group of powerful immune effectors in tumor surveillance and control; however, evidence of NK cell malfunctions has been observed in many studies of patients with cancer, and many cancers establish their path to escape immune surveillance through NK cells. Thus, it may be possible to achieve promising clinical outcomes by manipulating NK cells with the intent to reverse their malfunctions, which are due to multiple suppressive mechanisms. Herein, we discuss the current cancer immunotherapies based on NK cell biology. These approaches include adoptive cellular immunotherapy, genetically modified NK cell therapy, therapeutic antibody-derived ADCC, NK cell checkpoint blockade and novel therapies involving bispecific proteins or oncolytic viruses associated with NK cells.
NK cells are critical for tumor immune surveillance
NK cells have been linked to immune responses aimed at the elimination of tumors and viruses since NK cells were first identified. Evidence supporting the hypothesis that malfunctions of NK cells are related to an increased tumor incidence has been found in both clinical researches and animal model studies (26) .
NK cells are capable of lysing tumor cells without prior exposure. When challenged by tumors, NK cells are activated in two main ways. Decreased expression of MHC class I on tumor cells activates NK cells through a lack of inhibitory signals, which is known as the "missing-self" theory. Tumor cell stress induces the expression of activating NK cell receptor ligands, which leads to NK cell activation. These activating receptors include NKGD2, NKp30, NKp44, NKp46 and DNAM-1 (11, (27) (28) (29) . Moreover, in several medical scenarios, NK cells can be activated by tumor-associated antigen (TAA)-specific therapeutic antibodies via CD16a-mediated ADCC effects (30). However, this effect in the context of natural tumor immune surveillance is rarely reported (Figure 1) .
NK cells in healthy individuals are important components of the innate immune surveillance of cancer. Their primary objective appears to be prevention of the metastasis of tumors in the circulation since they are more frequently found in the blood than at tumor sites (31) . This phenomenon has additional potential explanations. A high frequency of NK cell accumulation in nascent tumor sites may not be easy to detect, and tissue barriers of solid tumors may prevent NK cells from reaching the tumor core (32, 33) .
NK cells are functionally inhibited in tumor microenvironment
NK cell deficiency results in an increased incidence of tumors as well as virus infections (34) (35) (36) (37) (38) . Individuals who exhibit lower NK cell activity are believed to be at higher risk of tumorigenesis. Studies of non-small cell lung cancer (NSCLC) and breast cancer have shown that the function of intratumoral NK cells is impaired compared with peripheral NK cells. Moreover, the developmental stage of NK cells in tumors was found to be more immature compared with peripheral NK cells (39) (40) (41) . Aging, genetic defects and chronic infection may contribute to lower NK cell activity (32, 35, 37, 42) .
Tumor escape from NK cell immune surveillance predominantly occurs via two mechanisms: reduction of activating signals or increases in inhibitory signals delivered to NK cells. In several studies, soluble NKG2D ligand (NKG2DL) has been observed to be shed from tumor cells, which may prevent NK cells from recognizing tumor cells bearing this ligand (43) (44) (45) . Chronic stimulation of NKG2D signals may downregulate the expression of NKG2D, which leads to NK cell hyporesponsiveness (46) . NK cells exhibit reduced DNAM-1 expression in acute myeloid leukemia, which implies that the expression of NK cell-activating receptors can be downregulated to suppress NK cell activation (47) . The expression of ligands of activating NK cell receptors on tumors, such as CD155 (also known as PVR), can be downregulated in tumor environments (48) , which is also a protective strategy in which tumor cells preserve the expression of HLA (31) .
When tumors escape immune surveillance, tumor evasion occurs. Negative regulatory immune cells and suppressive molecules may help tumors to further suppress NK cells. Myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs) and regulatory T cells (Tregs) are the major types of immune cells that suppress NK cell activation. Ly6C neg MDCS induced by IL-1β in mice bearing tumors can inhibit NK cell development and antitumor responses by downregulating NKG2D expression on NK cells (49) . Surprisingly, cytotoxic T lymphocytes (CTLs) were shown to promote tumor cell-mediated recruitment of MDSCs by Fas signaling (50) . TAMs can secrete transforming growth factor (TGF)-β (51). TGF-β inhibits the antitumor activity of NK cells by downregulating the expression of NKG2D, decreasing IFN-γ production and interfering with cytotoxicity (52). Activin-A, which is secreted by dendritic cells (DCs), also inhibits IFN-γ secretion by NK cells but does not interfere with perforin or granzyme B production (53) . Additionally, IL-1β secreted by 6-sulfo LacNAc DCs induces NK cell apoptosis (54). Tregs can suppress NK cells through deprivation of IL-2, induction of NK cell death and generation of Indoleamine 2,3-dioxygenase (IDO) and adenosine (ADO) via the expression of CD39 and CD73 (55) (56) (57) . IDO and ADO may interfere with the signaling of NK cells, which is detrimental to NK cell activation (58) (59) (60) .
Moreover, several tissue barriers around tumors form a shelter against NK cells. One example of this phenomenon is the fibrotic shield surrounding pancreatic cancer, which prevents immune cells from reaching the tumor core. The existence of such barriers may also explain why NK cells are rarely found at tumor sites (33) .
All the above mechanisms employed by tumors suppress NK cell activation (Figure 2) . Alterations of the NK cell phenotype can even be observed at tumor sites (39) . Therefore, restoring NK cell antitumor activity is critical for establishing host immunity against cancer, which is the primary objective of cancer immunotherapy.
NK cells and cancer immunotherapy

Therapeutic strategy for restoring NK cell antitumor activity
Since NK cell antitumor function is usually impaired in cancer patients, restoring this antitumor function is a primary therapeutic objective. The strategies for restoring NK cell function can be understood as following two parallel paths: increasing factors that activate NK cell functions or decreasing inhibitory factors, according to the fundamental properties of NK cell activation, which is regulated by the orchestrated balance of activating signals and inhibitory signals.
NK cell adoptive cellular immunotherapy provides large Thus, NK cell antitumor activity can be restored by multiple approaches. We will review recent studies in these diverse fields (Figure 3 ).
NK cell-based adoptive cellular immunotherapy
Adoptive cellular transfer therapy with NK cells has been widely studied and practiced, both in experimental models and clinical trials. The fundamental objective of this type of therapy is to revive the patient's innate immune surveillance and control of tumors via the infusion of large amounts of activated NK cells. NK cell-based adoptive transfer has shown efficacy in treating hematopoietic malignancies. The strategy and clinical trials of NK celladoptive transfer have been specifically reviewed elsewhere (61) . Herein, we will briefly review the current strategy of NK cell-based adoptive cellular immunotherapy and discuss some of the remaining questions in this field.
There are four primary sources of NK cells for adoptive transfer: autologous NK cells, allogeneic NK cells, NK cell lines and genetically modified NK cells. The use of autologous NK cells is the most primitive strategy for NK Except for NK cell lines, the expansion of NK cells ex vivo is a fundamental step for clinical practice. There are many sources for expanding NK cells ex vivo, and the most favorable is peripheral blood mononuclear cells (PBMCs). The final expansion rate and purity of NK cells are the key parameters of NK cell expansion using PBMCs. Enriching NK cells via isolation before culturing for expansion is an optional step that may increase purity but limit the expansion rate; however, expansion without prior isolation may increase the expansion rate but lead to relatively lower purity (65) . There are also approaches for acquiring NK cells from umbilical cord blood (UCB) and induced pluripotent stem cells (iPSCs), which were reviewed previously (61) .
The stimulators are the other critical factors to activate and expand NK cells ex vivo. Combinations of cytokines or feeder cells have been used to expand UCB-derived NK cells (66-69). Feeder cells engineered with membranebound IL-15 and 4-1BB significantly increase the expansion of NK cells with high purity (70) . Anti-CD16 or anti-CD52 antibodies also strongly expand NK cells (71, 72) .
Given the promising features of immune cell adoptive transfer, these cells are referred to as live drugs. The clinical application of this "drug" must therefore meet the basic rules for drugs in terms of safety, efficacy and quality control. Regarding safety concerns, the standard method to assess of remaining feeder cells in therapeutic cellular products should be established. More preclinical and clinical studies on the tumorigenicity of NK cell lines are required, although it has been shown that NK-92 is quite safe in preclinical studies and phase I clinical trials (73) . The safety issues examined in CAR-T cell clinical trials should also be assessed for CAR-NK. For efficacy assessment, sensitive approaches should be developed to assess the antitumor activities of NK cells and their duration. Statistically significant efficacy of NK cell therapy in large populations has yet to be observed. As these cells are designed for clinical application, equivalent efficacy should be considered as one feature of quality control, meaning that every patient should receive therapeutic NK cells showing similar antitumor activity before administration, regardless of individual conditions that might impact the outcome. The application of NK cell lines is quite successful in this regard.
Although promising results for NK cell adoptive transfer have been reported in preclinical and clinical studies, there is still a long way to go to transition between the bench and the bedside.
Genetic modification of NK cells
Genetic modification is a promising approach for arming NK cells with multiple components, with the intent to enhance NK cell antitumor activity genetically. The current strategies for such genetic modification include cytokine gene transfer (e.g., IL-2, IL-12, IL-15 and stem cell factor) to promote NK cell survival, in earlier studies, as well as CAR arming for retargeting TAA expressed on tumor cells and high affinity CD16a arming for improving ADCC effects in more recent studies (61, (74) (75) (76) (77) .
CAR-NK is a type of CAR-gene-modified NK cells to redirect NK cell to kill tumor, with a similar goal to CAR-T. For T cells with specific immunity, natural specificity for tumors depends on a complicated process of antigen presentation and recognition, which is vulnerable to tumoral immune escape. Arming T cell with a CAR simplifies the generation of the specificity of their antitumor responsiveness into only one step. Since tumoral heterogeneity is a well-known cause of immune escape (78) (79) (80) , the specificity to only TAA-bearing tumors of CAR-T cells creates a new limitation for its antitumor responsiveness. However, CAR-NKs acquire a broader antitumor spectrum under a similar scenario. CARs facilitate the ability to focus NK cells on eliminating the major population of tumor cells as tumors bearing no CAR-specific TAAs may be recognized by NK cells with the natural NK cell-activating receptors (74) . Thus, CAR-NK might confer a lower risk of immune escape. The major sources of CAR-NKs are NK-92 cell lines and primary NK cells. NK-92 is a promising candidate for application under the CAR-NK strategy, due to its potential to be an "off-the-shelf therapeutic" (63) . Many ongoing studies are investigating CAR retargeting for various TAAs, such as CD19, CD20, GD2, human epidermal growth factor receptor 2 (HER2), epidermal growth factor receptor (EGFR), epithelial cell adhesion molecule (EpCAM) and CD138 (81) (82) (83) (84) (85) (86) (87) . Furthermore, there are additional cell sources for constructing CARNKs. Studies on CAR-NK retargeting for carcinoembryonic antigen (CEA) and CD33 are based on the NK cell line YT (88,89). Another clinical trial of CD33-specific CAR-NKs based on NK92 cells is ongoing ( Table 1) . These CAR-NKs have shown promising efficacy in the control of tumors in preclinical studies; however, clinical efficacy remains to be seen. Regarding safety concerns about NK-92, based on the cell line background involving EBV infection, it is necessary to irradiate these cells before adoptive transfer (31) . Regrettably, loss of CD16 prevents the combination of this technique with therapeutic antibodies. CAR-NKs based on primary NK cells have also been reported (90) . This CAR-NK strategy may preserve the natural capacity of the cells to respond to therapeutic antibodies; however, quality control of this population remains to be studied.
Another approach for genetic modification is to arm NK cells with a high-affinity variant of CD16a. Details of this variant of CD16a are described in the following section. Distinguished from NK-92 cells which lack CD16a expression (63), NK-92Fc was generated with high-affinity CD16a and has shown promising efficacy in ADCC. However, CAR-NK is functionally superior to NK-92Fc in combination with therapeutic antibodies that are specific to the same TAA in vitro and in vivo (75) .
Reducing the expression of inhibitory NK cell receptors via genetic modification is another possible strategy to enhance NK cell antitumor function. NK-92 cells may have such potential, although they are not typically genetically modified. NK-92 cells transfected with geneencoded KIRs show lower cytotoxicity. However, the possibility of hyporesponsiveness due to deletion of inhibitory NK cell receptors always exists.
Nevertheless, the most important limitation of the genetic modification of NK cells is their efficient transduction. The application of retroviral vectors facilitates this approach, such as the optimized transduction with alpha-retroviral vectors (91) .
In summary, genetic modification provides more options for engineering NK cells with infinite possibilities, albeit with important considerations.
Combination immunotherapy and NK cells
ADCC mediated by NK cells and tumor-targeted therapeutic antibodies
Over the last few decades, therapeutic antibodies have come to represent a typical class of biologics exhibiting an impressive ability to suppress cancer, and many of these antibodies have already been approved by the FDA (92, 93) . Many different types of antibodies have been applied in clinical treatments with favorable outcomes in many cases (94) . These antibody therapies can kill tumor cells directly by blocking growth factor signaling and inducing apoptosis, by suppressing angiopoiesis and stromal cells, or by inducing antitumor immunity (92) . There are three major mechanisms through which therapeutic antibodies enhance immune-mediated tumor cell killing: TAA targeting, immune inhibitor blockade and immune effector stimulation. TAA-targeting therapeutic antibodies bind TAA via the Fab fragment and induce an immune response via the Fc fragment. The therapeutic efficacy of these antibodies depends on immune effectors, such as ADCC (mainly through NK cells), complement-dependent cytotoxicity (CDC), and opsonization by phagocytes, according to in vitro studies. Immune inhibitors that cause cancer immune escape have recently become a major focus of cancer immunotherapy, including immune checkpoint proteins, such as programmed cell death protein 1 (PD-1), and suppressive agents in the tumor microenvironment, such as adenosine (ADO) (95, 96) . Blocking the suppressive signaling by these inhibitors partially rescues the viability of immune surveillance and provides clinical benefits.
The precise mechanisms underlying the therapeutic effects of many of the TAA-targeting antibodies are unclear. However, preclinical research has shown that some of them are critically dependent on the ADCC effect (30). ADCC is mediated by Fc receptors (FcγRIIIa). NK cells have been suggested to be the key effectors of ADCC, since only NK cells express the activating Fc receptor CD16a without expressing FcγRIIb, which transmits inhibitory signals to other Fc receptor-bearing immune cells (30).
Among the available targeting therapeutic antibodies, rituximab and trastuzumab are efficacious and target CD20 and HER2, respectively (46, 97, 98) . It has been shown that a mutant Fc fragment antibody targeting HER2 loses the capacity to suppress cancer in vivo (99) . In human studies, the therapeutic efficacy of trastuzumab in treating metastatic breast cancer has been demonstrated to be correlated with NK cell activity; however, the treatment duration is controversial (100,101). FcγRI/III deficiency in mice impairs the therapeutic efficacy of an anti-GD2 antibody (102) . Many studies have focused on the ADCC effect of targeting antibodies, such as rituximab, obinutuzumab, trastuzumab, cetuximab and elotuzumab (103) (104) (105) (106) (107) (108) (109) (110) (111) (112) (Table 2) . Notably, the action of elotuzumab in (114) .
Additional NK cell receptors (either activating or inhibitory) are reported to impact NK cell activation mediated by CD16a. Activating receptors involving NKG2D signaling enhance the efficiency of ADCC, while HLA-mediated signaling may limit the efficacy of therapeutic antibodies (115-120). However, modification of the Fc fragment may decrease the inhibitory effect via the KIR/HLA interaction, and one study indicated that KIR inhibitory signaling can be overcome by ADCC mediated by therapeutic antibodies (120,121). As NK cells are key effectors in the process of ADCC, adoptive transfer with ex vivo-expanded and activated NK cells combined with therapeutic antibodies improves the ADCC effect in patients with poor NK cells compromised by tumor conditions. In several clinical trials, TAAtargeting antibodies were administered in combination with NK cell infusion ( Table 1) .
Another strategy for enhancing NK cell-mediated ADCC is to engineer antibodies to optimize their binding affinity to FcγRIIIa, which are known as third-generation monoclonal antibodies (30). Obinutuzumab is a notable example of this type of antibody (104) .
One phenomenon observed in therapeutic antibodyinduced ADCC should be noted. Continual engagement of NK cell receptors by their ligands results in downregulation of activated NK cell receptors (46) . Chronic administration of an anti-CD20 antibody was found to impair NK cell-mediated cytotoxicity via CD16 (122) . This chronic stimulation by therapeutic antibodies induces NK cell hyporesponsiveness, which is assumed to be one of the reasons for the development of clinical resistance (46) .
Still, a precise understanding of NK cell-mediated ADCC for targeted antibody therapy remains to be obtained.
Restoration of NK cell activity by immune checkpoint blockade
Blockade of immune checkpoints is one promising therapeutic strategy for cancer, and impressive clinical outcomes have been associated with anti-CTLA-4 and anti-PD-1 administration. Since the antitumor activity of NK cells can also be reduced by signaling from inhibitory receptors, inhibitory NK cell receptor antagonists have been developed to enhance NK cell antitumor activity. These studies focus on the major inhibitory receptors of NK cells, including KIR, NKG2A and ILT ( Table 2) .
Anti-KIR: KIRs inhibit NK cell activation by engaging HLA. Therefore, KIR antagonism is one promising strategy for blocking NK cell checkpoints. It has been shown that the variability in KIR genes predicts the response to anti-EGFR monoclonal antibodies (123) . The fully human monoclonal anti-KIR antibody lirilumab (also known as 1-7F9, IPH2101 or IPH2102) was generated to block the three major KIRs (KIR2DL-1, -2 and -3) (124) and was shown to boost the cytotoxicity mediated by NK cells in HLA-matched acute myeloid lymphoma (AML) blasts, both in vitro and in vivo (125) . In combination with anti-CD20, lirilumab treatment enhanced NK cell antitumor activity in vitro and in vivo (126) . As reported based on two phase I clinical trials, lirilumab is welltolerated in the treatment of AML and MM (125, 127) . However, a phase II clinical trial of lirilumab monotherapy for the treatment of elderly patients with AML did not meet the primary efficacy endpoint (according to an announcement by Innate Pharma). This result is not encouraging, implying that NK cell checkpoint blockade therapy is much more complicated than expected and that therapeutic efficacy will depend on more than a single agent that blocks only a few types of inhibitory receptors. Combined therapy studies with lirilumab are ongoing with multiple agents (Table 2) . One clinical trial of lirilumab combined with lenalidomide for the treatment of relapsed/refractory MM recorded five serious adverse events (128) . The preliminary efficacy of another clinical trial of lirilumab in combination with nivolumab for the treatment of squamous cell carcinoma of the head and neck showed that the objective response rate was 24%, without additional toxicity (according to reports from Innate Pharma). It has also been found that the effect of daratumumab-mediated ADCC in the killing of MM cells is enhanced by lirilumab ex vivo (129) , which suggests that blockade of KIR may help to maintain the required ADCC effect, which is critical for the efficacy of many therapeutic antibodies. Moreover, another KIR-specific monoclonal antibody, IPH4102, which is specific to KIR3DL2, has been generated. KIR blockade therapy combined with KIR-mismatched NK cell transplantation and TAAtargeting therapeutic antibodies provides a potential solution to improve NK cell responsiveness. This strategy has been verified in an experimental model of mixedlineage leukemia 1 (MLL)-rearranged leukemia, which is NK cell resistant (121). This study indicated that the variability of KIR expression in individuals is a limiting factor for efficacy of KIR blockade therapy, and activating factors play a critical role as well.
Anti-NKG2A: Another important inhibitory receptor of NK cells is NKG2A, which forms a disulfide-linked heterodimer with CD94. NKG2A belongs to the C-type lectin family, along with NKG2C and NKG2D. NKG2A recognizes HLA-E in competition with NKG2C, which is an activating receptor of NK cells. NKG2A was shown to inhibit NK cell antitumor function in multiple tumor types (9, 130) . Therefore, NKG2A is a potential candidate for checkpoint blockade therapy. The NKG2A-blocking antibody named monalizumab (also known as IPH2201) has been generated. Several clinical trials of monalizumab are ongoing ( Table 2) . As a monotherapy, monalizumab exhibits no dose-limiting toxicity (as reported by Innate Pharma). Further evaluation of its efficacy is ongoing. The strategy of combination therapy with monalizumab is similar to that for lirilumab.
ILT: The immunoglobin-like transcript (ILT)/leukocyte immunoglobin-like receptor (LIR) is another NK cellinhibitory receptor, which recognizes HLA-G as its ligand. HLA-G is expressed on fetal cells to maintain maternalfetal tolerance of NK cells; however, it is also detectable in a variety of cancers (131) . Blockade of LIR-1 did not enhance NK cell-mediated cytotoxicity toward multiple myeloma cells (132) , which is a reflection of the lack of knowledge about the influence of ILT in tumor pathogenesis. However, ILT might still be a potential therapeutic target of immune checkpoints, and the inhibitor of ILT could be developed as a component of combination therapy in the future.
Interestingly, one study found that dual blockade of NKG2A and LIR-1 increases the cytotoxicity of KIRnegative NK cells (133 (134) . During differentiation, the inhibitory receptors of NK cells change dynamically, with acquisition of KIR and loss of NKG2A being observed. Thus, the heterogeneity of NK cells should be considered in therapeutic strategies. Nearly half of the NK cells in circulation are KIR negative (133) , and treatment with lirilumab will fail if this KIR-negative NK cell population is responsible for tumor elimination when tumor cells express high levels of HLA-E. More precise profiling of the type of cancer based on biomarkers and the phenotypes of NK cells in patients should be performed whenever NK cell-based immunotherapy is conducted.
Anti-TIGIT: TIGIT is a particularly distinctive inhibitory NK cell receptor that is also expressed on CD8 + T cells and NKT cells, since the TIGIT ligand does not belong to MHC class I, in contrast to the other three inhibitory NK cell receptors mentioned above. Instead, it typically recognizes PVR, Nectin-2 or Nectin-3 as a ligand (11) . These ligands are over-expressed on cancer cells. However, most of the available evidence indicates that TIGIT is a characteristic of "exhausted" T cells in cancer and is functionally linked to NK cells in auto-immune diseases and inflammation control (11, 95, 135) . Thus, the therapeutic application of a TIGIT-blocking antibody is focused on reviving T cell responsiveness, rather than NK cells at present. Anti-sMICA: This type of blockade therapy exhibits a distinguishing characteristic. The shedding of soluble MICA/B from tumor cells is a well-known mechanism of immune escape from NK cells (8, 136) . It then blocks NKG2D activity, leading to downregulation of NKG2D expression (8, 31) . Thus, a MICA/B-blocking antibody (IPH4301) provides a path to overcome the suppression of NKG2D signaling by soluble NKG2D ligands. This strategy theoretically involves two mechanisms: blocking soluble MICA/B and inducing ADCC effects on tumor cells expressing MICA/B.
Anti-CD39 and anti-CD73: IDO and ADO are wellknown inhibitors of NK cell activity (137) . IDO can suppress the expression of NKG2D and NKp46 on NK cells and reduce the cytotoxicity of NK cells (60) . ADO has also been found to impair NK cell antitumor activity (138) . CD39 and CD73 are membrane-bound extracellular enzymes that catalyze the transformation of ATP to AMP, which is upstream of IDO and ADO. They are expressed on regulatory immune cells (e.g., Tregs) and several types of tumor cells (57, 139) . CD73 expression on tumorinfiltrating NK cells is associated with suppression of NK cell activity (57) . CD39-and CD73-blocking antibodies have been generated, and both anti-CD39 and anti-CD73 increased the cytotoxicity of NK cells toward ovarian cancer cells in vitro (140) . These CD39-and CD73-blocking antibodies represent another pair of promising candidates for immune checkpoint blockade therapy to restore NK cell activity.
Under the scenario of T cell activation, inhibitory signals such as CTLA-4 always arrive after activating signals in a sequential manner. Blockade of T cell-inhibitory receptors is sufficient to restore the already existing activation. Distinct from adaptive immunity, activation of NK cells depends on the balance of signals delivered by activating receptors and inhibitory receptors. Blockade of inhibitory signals alone will not rescue NK cell activity to kill cancer, which will only succeed if combined activating signals occur simultaneously. These findings suggest that the strategy of NK cell immune checkpoint blockade may fully function as part of combination immunotherapies.
Since NK cell responsiveness is fine-tuned by stimulation with appropriate inhibition throughout an individual's lifetime, according to the license theory, prolonged blockade of NK cell-inhibitory receptors may induce hyporesponsiveness of NK cells (2, 46) . A more precise investigation should be performed to illustrate the pharmacological dynamics of blocking antibodies to avoid NK cell hyporesponsiveness.
Using agonist antibodies for augmentation of NK cell antitumor activity IL-2, IL-12, IL-15, IL-18 and IL-21 are well-established cytokines that are critical for NK cell differentiation, proliferation or survival (141) (142) (143) (144) (145) (146) . IL-2 was once considered as a promising therapeutic biologic for cancer treatment, as it was shown to trigger LAKs to kill cancer in a clinical setting (147) . However, it fell out of favor due to its potential to induce Treg proliferation (148, 149) . The other cytokines are still in preclinical studies, and there are concerns about their safety. Hence, clinical application of these cytokines should proceed cautiously. As these cytokines exhibit multiple functions in the immune system, it is rarely possible to harness them with only an isolated impact on NK cells and no unwanted systemic adverse effects, including potentially severe toxicity.
Interestingly, several pharmacological agents (such as lenalidomide, histone deacetylase, demethylating agents, DNA-damaging agents, bortezomib, histamine, imatinib and sorafenib) are capable of restoring NK cell activity (52) . Some of these agents can induce the activation of NK cell receptor ligand (histone deacetylase, demethylating agents, DNA-damaging agents) or Fas and TRAIL receptor (bortezomib) expression on cancer cells. Some of them can induce activating NK receptor expression on NK cells (lenalidomide). And some of them improve NK/DC cross-talk to activate NK cells (imatinib). Among these agents, lenalidomide has already been used in the clinic, showing indirect and unclear effects on NK cell activation; histamine prevents the downregulation of NKp46 and NKG2D by phagocyte ROS production (52) . One super agonist of IL-15 (known as ALT-803) could enhance NK cell cytotoxicity against tumors (150) . The dimethyl fumarate metabolite monomethyl fumarate augmented the cytotoxicity of CD56 + NK cells against tumor cells (151) .
In contrast to the blocking antibodies of inhibitory NK cell receptors, there are several potential agonist antibodies that are applicable for the restoration of NK cell antitumor activity. The 4-1BB (also known as CD137) agonist antibody enhances tumor-specific cytotoxicity, and the comembrane-bound forms of IL-15 and 4-1BBL on K562 cell lines significantly induce NK cell expansion (70, 152, 153) . This finding suggests a promising role of 4-1BB in NK cell activation. CD16a and NKG2D are strong activating receptors on NK cells with the potential to overcome inhibitory signals from HLA class 1 members (121,154,155) . Therefore, they are target candidates of NK cell agonists. Since CD16a and NKG2D are not expressed on NK cells alone, application of pan-stimulants of CD16a and NKG2D may cause unknown severe systemic toxicity. One example of severe toxicity induced by pan-stimulants is provided by anti-CD28, as multiple organ failure occurred in all six healthy subjects in one clinical trial aimed at evaluating the safety of anti-CD28 in 2006 (156) . Preclinical research had demonstrated the safety of this super agonist. However, it was not considered that humans commonly exhibit high levels of memory lymphocytes, which are hyper-responsive to this super agonist. Thus, one can never be too cautious when assessing the risk of panstimulants. Nevertheless, there is another option for employing CD16a and NKG2D agonists. Engineered bispecific antibodies and fusion proteins, which are reviewed in the next section, can decrease this risk.
Using bispecific proteins as engagers for activating NK cell receptors and tumor antigens
One feature of the adaptive immune system that distinguishes it from the innate immune system in eliminating tumor cells is the specific recognition of a tumor target. This characteristic creates a more effective elimination pattern for specific pathogens. Thus, it is reasonable to generate NK cells with specific targeting potential to arrest tumor cells more effectively. One of the strategies for meeting this objective is to generate NK cellassociated bispecific antibodies (bsAbs).
Recently, many bispecific antibodies targeting NK cells have been produced. Like all the other bsAbs, these NK cell-associated bsAbs display 2 binding specificities. One binding fragment specifically links to an NK cell-activating receptor, and the other specifically links to a TAA. They are also known as bispecific killer cell engagers (BiKEs), which promotes NK cell-mediated killing. Theoretically, all NK cell-activating receptors could serve as targets. However, only CD16A has been selected thus far, probably due to the successful construction of the anti-CD16A antibody 3G8, which is a functional antibody agonist. Another group has extended NK cell-associated bsAbs to trispecific and tetraspecific antibodies. The original version was CD16xEpCAM, which targets human carcinomas (161) . Considering that CD16xEpCAM only induces NK cell antitumor cytotoxicity, and not NK cell expansion, an IL-15 cross-linker was incorporated into the bsAb to improve the activation, proliferation and survival of NK cells (165) . Furthermore, this trispecific antibody was improved to a tetraspecific antibody, with additional specificity against CD133, which is believed to be a marker of cancer stem cells (166).
CD30xCD16A, also known as AFM13, is a tetravalent bsAb (167) . This antibody has already been applied in clinical trials (NCT01221571, NCT02321592 and NCT02665650) to treat HL. CD30xCD16A showed good safety and tolerance in a phase I trial and displayed an overall disease control rate of 61.5% (168) . Importantly, the impaired functions of NK cells from HL patients were shown to be rescued by CD30xCD16A, which was explained by the impaired NK cell function resulting from the soluble NKG2D ligand or NKp30 ligand. CD16A provides an activation pathway that is independent of NKG2D and NKp30 (157) . However, data from NSCLC patients indicate that CD16 expression on NK cells may also be downregulated in certain cancer types or cases, and CD16A-associated bsAbs may not be effective in these cases (39) .
In addition to NK cell-associated bsAbs, several NK cellassociated fusion proteins have been designed as engagers of NK cells and tumor cells. These fusion proteins are combinations of one ligand of an NK cell-associated activating receptor and one TAA-associated antibody fragment or ligand. These fusion proteins are known as bispecific immunoligands. ULBP2-aCEA redirects NK cells to colon carcinoma (169) , while rG7S-MICA redirects NK cells to CD24 + HCC cells (170) , and both are based on the receptor NKG2D. B7-H6:HER2-scFv and AICL:HER2-scFv are bispecific immunoligands based on NKp30 and NKp80, respectively (171) . NKG2D-IL-15 is another bispecific fusion protein, which binds to gastric cancer cells via a fragment of the NKG2D domain and trans-presents IL-15 to NK cells and CD8 + T cells, to induce expansion (172) (173) (174) .
Combination of NK cell therapy with oncolytic viruses
More than one hundred years ago, physicians found that tumors in patients with cancer would decrease in size after virus infection. This discovery led to current oncolytic virotherapy (175) . Natural or genetically modified virus species, which are known as oncolytic viruses can be used to selectively lyse tumor cells. These oncolytic viruses kill tumor cells by directly replicating in and lysing tumor cells or by activating and recruiting immune effectors to the tumor site, or via both mechanisms. They provide a way to overcome several pathways through which tumor cells escape immune surveillance.
Physical tumor barriers represent a critical limitation of solid tumor treatment. However, oncolytic virus vectors may penetrate a tumor, replicate, and spread inside the tumor. Hence, they may enable immune effectors to exert better antitumor efficacy. The oncolytic viruses that are currently under study include adenovirus (ADV), herpes simplex virus (HSV), reovirus, Newcastle disease virus (NDV), vesicular stomatitis virus (VSV), measles virus, vaccinia virus, parvovirus, Maraba virus, rhabdovirus and influenza A virus (134, (176) (177) (178) . Many of these oncolytic viruses have passed the preclinical study phase and moved into clinical trials. The adenovirus-based therapeutic oncolytic virus H101 was approved in China in 2005. Another oncolytic virus, HSV-1 (also known as T-Vec), armed with granulocyte-macrophage colony-stimulating factor (GM-CSF) was approved by the FDA in 2015.
Both preclinical and clinical studies on several of these oncolytic viruses have shown that NK cells are important immune effectors of pharmacologic mechanisms. The therapeutic effect of localized NDV treatment combined with systemic CTLA-4 blockade therapy is dependent on NK cells, CTL and IFN-γ (179). Depletion of NK cells limits therapeutic outcomes significantly. In the treatment of tumors using HSV-1 (ICP34.5 null), subsequent infiltration of NK cells and CTLs is observed (180) . In a phase I clinical trial of oncolytic reovirus treatment, enhancement of circulating NK cells was reported (181) . DCs activated by oncolytic reovirus promote the antitumor effects of NK cells (182) . IL-28 induced by oncolytic VSV facilitates the activation of NK cells (183) .
Oncolytic viruses may induce the expression of pathogen pattern receptors (PPRs) or certain viral ligands of activating NK cell receptors by infected tumor cells. These PPRs and viral ligands could stimulate NK cells by engaging Toll-like receptors and NK cell receptors (NCRs including NKp46, NKp44 and NKp30), respectively (134) . For example, HSV directly activates NK cells via TLR2 (184) , and influenza virus activates NK cells via NKp44 or NKp46 (185, 186) . The hemagglutinin neuraminidase protein of paramyxovirus is a viral ligand for NKp46 and NKp44 (178) . Virus infection also results in "missing-self" signals (e.g., reduced expression of MHC class I for KIRs) and "stressed" signals (e.g., increased expression of MICA for NKG2D or PVR for DNAM-1) on infected tumor cells, which may disrupt several of the evasion strategies of tumor cells. Thus, the antitumor effects of NK cells are enhanced by oncolytic virotherapy.
Furthermore, additional therapeutic genes have been added to oncolytic virus vectors with the goal of enhancing the oncolytic effect. The most effective example is T-Vec, which is armed with GM-CSF. These additional armed genes serve several therapeutic roles: disruption of the physical tumor barrier, modulation of host immunity, and local expression of therapeutic antibodies. This design has been realized in recent research, and they may help to break the tumor barriers. VCN-01 is a human ADV-based oncolytic virus vector armed with PH20 hyaluronidase, which degrades hyaluronic acid (major extracellular tumor matrix) (187) . The oncolytic viruses may also enhance the recruitment of NK cells. An oncolytic parvovirus armed with CCL7 or IL-2 was shown to enhance the recruitment of NK cells in pancreatic ductal adenocarcinoma (188) . The oncolytic Maraba virus armed with IL-12 promotes the recruitment and function of NK cells (176), and oncolytic ADV armed with IL-12 combined with oncolytic ADV armed with TRAIL induced NK cell tumor infiltration in preclinical models of human hepatocellular carcinoma (HCC) (189) . And the intratumoral injection of oncolytic influenza A virus armed with IL-15 increases the tumor infiltration of NK cells and T cells (177) . The oncolytic viruses are even further armed with therapeutic antibodies to get more powerful. Full-length trastuzumab has been encoded in an oncolytic ADV vector to produce trastuzumab locally, in order to penetrate the physical tumor barrier and decrease the administration dose. NK cell accumulation has been observed in tumor-draining lymph nodes (190) .
Oncolytic virotherapy is also effective for treating hematopoietic malignant disease besides solid tumors. Cytomegalovirus (CMV) reactivation in bone marrow transplantation patients has been associated with antileukemic effects and better clinical outcomes (134) . UV light-inactivated HSV-1 promotes NK cell activation, migration, degranulation and cytokine production, which potently induces cytolysis of leukemic cells (191) . This finding implies that pre-stimulation of donor PBMCs by UV-inactivated HSV-1 ex vivo before infusion might enhance therapeutic efficacy.
Although oncolytic virotherapy was introduced with promising therapeutic advantages, there is one substantial limitation to this approach. In some cases, premature clearance of an oncolytic virus by the host immune system occurs before the therapeutic effect is established. NK cells always play a critical role in this clearance. Pre-storage of both neutralizing antibodies and innate immune cells will limit the spread of the virus before adaptive immunity is functional in the early stages of viral infection. This negative effect limits replication and spreading within the tumor when low doses of an oncolytic virus are administered. Hence, a few questions should first be considered: 1) How do NK cells respond to virus challenge dynamically? One clinical trial has provided an example, where reovirus delivered intravenously was found to be undetectable in the blood one hour after infection (192) . Another study revealed a wider range of the activation kinetics of NK cells post-infection under controlled conditions (193) ; 2) Does the viral vector species initiate the memory-like NK cell responses? This concept is novel but has been verified in studies of CMV infection. Certain NK cell subsets with particular activating receptors could generate a stronger response against subsequent exposure to a once-administered CMV (194) ; 3) The diversity of the individual genetic complement of KIRs may improve antivirus immunity, as shown in several cases of HCV infection; and 4) The characteristics of certain indications should also be considered.
A perfect resolution to this problem might not exist in this complicated context; however, a few hints may be helpful. For those viral vectors whose therapeutic effect is independent of NK cells, strategies to suppress NK cells should be considered; however, for those viral vectors whose therapeutic effect depends on NK cells, suppressive approaches should be temporary at the early stage, without harming the antiviral function of NK cells. And the activation kinetics of NK cells should be considered for later stages. For example, pretreatment with a single dose of TGF-β in glioblastoma-bearing mice before oncolytic HSV (oHSV) administration has been shown to provide a temporary immunosuppressive window for the replication of oHSV, with the aim of acquiring the maximal therapeutic benefits (195) . However, it has not been shown whether NK cells contribute to antitumor effects at the later stage. Neddylation is required for the production of IFN-β during the early phase of HSV-1 infection. MLN4924, a chemotherapeutic agent being studied in clinical trials, can be employed to decrease the production of IFN-β in the early phase by inhibiting neddylation without prolonged effects (196) .
Several other interesting combined therapies have been reported. One group found that combined treatment with bortezomib and oncolytic HSV-1 enhances the NK cell antitumor effects against glioma, and this combined therapy in conjunction with NK cell adoptive transfer therapy prolongs the survival of glioma-bearing mice significantly (197) . Another approach using oncolytic HSV-1 in combination with EGFR-CAR-NK-92 cells resulted in better antitumor effects and significantly longer survival of tumor-bearing mice (198) . It has also been reported that combined therapy involving oncolytic reovirus and rituximab activates NK cells via IFN-α and enhances the ADCC effect (199) .
Thus, a synergistic approach involving oncolytic virotherapy and NK cells provides a promising combined cancer therapy strategy.
Conclusions
The restoration of NK cell antitumor activity has long been a desirable approach for controlling cancer growth. Recent studies of NK cell biology as well as NK cell-based translational medicine have shown a great potential for NK cells in tumor control. We have reviewed some of the research in this exciting field, with the intent of inspiring more novel ideas. Adoptive cellular immunotherapy, genetic modification and combination therapy with therapeutic antibodies, bispecific proteins, and oncolytic virotherapy may result in additional clinical benefits in the future. The basic understanding of the receptors of NK cells, subpopulations of NK cells, tissue-specific NK cells and memory-like NK cells should be considered in the future study of NK cell immunotherapy. The complicated heterogeneity of NK cells may influence the efficacy and safety of NK cell-based immunotherapy. Tissue-specific NK cells may also be important for the selection of clinical indications. We have already learned a lot about NK cells as powerful components to defeat cancer; however, they are still mysterious as to our current knowledge. The more we learn about their biology, the better we can employ them to fight cancer. It is expectable that NK cell malfunctions in tumor patients will be classified and fixed precisely with our growing knowledge in the future. 
